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INTRODUCTION
Non-invasive methods capable of selective sampling of respiratory tract lining fluid (RTLF) from different airway regions are of great interest for clinical research. We have developed a method for counting and collection of exhaled particles, in the 0.4-4.6m diameter range, that enables quantitative analysis of small airway RTLF composition (Almstrand et al., 2009; Larsson et al., 2012) . This method has been used to identify changes in RTLF protein content among COPD patients and to detect alterations in protein composition associated with bronchiolitis obliterans syndrome in lung transplant recipients (Ericson et al., 2016) . For reproducible sampling, it is important to understand how particle emission and the chemical composition of exhaled particles are influenced by different breathing parameters. Exhaled particles from breathing manoeuvres that induce airway closure and re-opening showed lipid and protein composition similar to that observed in bronchoalveolar lavage (BAL) fluid. This is consistent with the hypothesis of particle formation in small airways as a result of RTLF film rupture during inspiration from very low lung volumes Haslbeck et al., 2010; Holmgren et al., 2010; Johnson and Morawska, 2009 ). The absence of any mucins in particles produced by the airway closure and re-opening manoeuvre supports a peripheral formation site of these particles (Bredberg et al., 2011) .
In parallel with exploration of RTLF samples from the lung periphery, it is of interest to study RTLF samples from more central airways. During forced exhalations and cough, respiratory muscles compress the lungs, which causes the airways to compress dynamically (Dawson and Elliott, 1977) . The dynamic airway compression results in high linear airflow velocities, producing shear forces (Moriarty and Grotberg, 1999) and airway wall flutter (Bertram and Elliott, 2003; Grotberg and Shee, 1985) , that almost certainly would generate particles in more central airways than the terminal bronchiols. There are a few reports on exhaled particle concentrations and size distribution during speaking, vocalization and cough (Chao et al., 2009; Johnson et al., 2011; Papineni and Rosenthal, 1997; Yang et al., 2007) . In these studies, particle concentrations and size distributions were studied and compared to theoretical models of particle formation and deposition but no chemical analysis of the particles was performed to confirm the results.
The phospholipid dipalmitoylphosphatidylcholine (DPPC), also known as PC(16:0/16:0), is the major component of surfactant and constitutes between 40 and 60 mol% (Postle et al., 2001; Wright et al., 2000; Zuo et al., 2008) of the phosphatidylcholines. DPPC is produced by the alveolar type II pneumocytes and modulates surface tension to prevent airway collapse. It is not known to be produced by other cells in the airways (Bernhard et al., 1997) ; however, surfactant is likely transported towards the glottis by mucociliary transport. The presence of DPPC in tracheal aspirates from animals (rat and porcine) (Bernhard et al., 1997; Rau et al., 2003) and humans (Dushianthan et al., 2014) suggests that DPPC may be present all the way from the alveolus to glottis. The concentration of DPPC in RTLF is likely to decline with the distance from the alveoli due to dilution, uptake and degradation. Palmitoyl-oleoyl-phosphatidylcholine (POPC), also known as PC (16:0/18:1), constitutes around 10 mol% (Bernhard et al., 2004) of the phosphatidylcholines in human BAL and is the most abundant of the unsaturated phosphatidylcholines. Unlike DPPC, POPC is a common component in cell membranes and lower DPPC to POPC ratio was reported in airway mucosa compared to that in lung parenchyma and BAL (Bernhard et al., 1997) .
In the present study we hypothesize that different breathing manoeuvres can be used to sample particles from different airway regions. The specific aims were to study how maximally forced exhalations influence particle formation compared to slower exhalations and to compare the DPPC and POPC concentration in particles exhaled by maximal forced exhalation to those produced in small airways during airway reopening.
MATERIALS AND METHODS

Subjects
A total of 6 men and 5 women, aged 28-75 years and recruited from our department, were included in the study. They had no respiratory illness to report and their lung function was normal, as examined by spirometry (SPIRARE SPS310 sensor and SPIRARE 3 software, Diagnostica AS, Oslo, Norway) performed in accordance with the ATS/ERS criteria (Miller et al., 2005) . Predicted values were calculated using the ECCS/ERS reference equations (Quanjer et al., 1993) . The research was conducted according to the principles of the Declaration of Helsinki. All participants gave their written informed consent, and the study protocol was approved by the Ethical Review Board of the Medical Faculty at the University of Gothenburg, Sweden.
Study design
Particle formation induced by airflow and airway re-opening mechanisms was studied by using specific breathing manoeuvres. The breathing manoeuvres were: i.
Reference (Fig. 1a) : Inhalation starts at functional residual capacity (FRC) with 5 s breath hold at total lung capacity (TLC) before a "slow" exhalation to residual volume (RV).
ii. Forced exhalation (Fig. 1b) : The same manoeuvre as the reference with the only exception of a maximal forced exhalation from TLC to RV. This manoeuvre was designed to induce particle formation during exhalation by the air-RTLF interaction at high air velocities.
iii. Cough (Fig. 1c) : The subjects were instructed to inhale to TLC and perform a Valsalva manoeuvre against a closed glottis, before performing 2-3 forceful coughs, resulting in an end-respiratory volume between RV and FRC.
iv.
Airway re-opening ( Fig. 1d ): Deep exhalation to RV, 3 s breath hold at RV before inhalation to TLC and a slow exhalation from TLC to RV. This manoeuvre was designed to maximise airway closure and re-opening and induce particle formation during inhalation from RV to TLC.
The reference manoeuvre was designed to be a baseline value for particle formation. These particles constitute a background particle level of particles that is formed during all manoeuvres. For this reason, particle formation by the other manoeuvres is reported as the increase from the reference manoeuvre. The forced exhalation manoeuvre was intended to induce particles by mechanisms associated to high air velocities and the airway re-opening manoeuvre was intended to induce particles formed by the airway opening mechanism. A cough manoeuvre was included since it is known to generate a high amount of particles. It is not known how particles are formed during cough but similar mechanisms as for forced exhalations have been suggested, i.e the air-RTLF interaction at high air velocities.
A breath-hold at total lung capacity was introduced for all manoeuvres except the airway re-opening manoeuvre to minimize the background level of particles formed during the inhalation from FRC to TLC.
During breath hold at TLC, a fraction of the particles formed during the inhalation deposit in the airways before the start of the exhalation (Holmgren et al., 2013) .
Out of the studied manoeuvres, the airway re-opening manoeuvre was expected to generate particles at the most distal airway region and to have the highest concentration of DPPC. For this reason, the DPPC concentration in exhaled particles were compared to the airway re-opening manoeuvre, where a decreased concentration was considered to indicate a less distal airway origin.
Each subject performed ten repetitions of each breathing manoeuvre. The four different manoeuvres were executed during the same day and the order of the four different manoeuvres where randomized between subjects. All participants wore a nose clip throughout the entire procedure and inhaled air through a high-efficiency particle arresting (HEPA) filter. Before starting the measurement, the participants breathed tidally for 2 min to vent ambient particles from the airways. The exhaled particles were characterized and sampled using the PExA instrument.
Sampling and chemical analysis
The PExA instrument and method have been described previously by Almstrand et al. (Almstrand et al., 2009 ). For the purpose of the present study that used forced exhalations, the mouthpiece of the instrument was modified to reduce the backpressure. It was verified that flow volume curves with exhalations into the PExA instrument looked identical to flow volume curves from spirometry. The modified instrument is depicted in the supplementary material (Fig. s1 ). Particles in the diameter size interval of 0.41-4.55 m, that are measured and sampled by the PExA instrument, are referred to as PEx, (Particles Exhaled). Particles in exhaled air are collected using a two stage inertial impactor with 50% cut off diameters of 7.0 m for the first stage and 0.5 m for the second stage. Particles between 0.5-7.0m were sampled onto a thin membrane of hydrophilic polytetrafluoroethylene (FHLC02500, Millipore, Billerica, MA, USA) placed on the second impaction stage. The method used for calculating exhaled and sampled particle mass from measured particle number concentrations has been described previously . The limits of quantification (LoQ) for the analyses were determined to 0.16 picomole per sample for both DPPC and POPC, with accuracy >80% and a relative standard deviation <10%. Repeatability for the method to measure DPPC and POPC concentrations in exhaled particles (i.e. weight percent, wt%) was determined from five samples collected from one participant using the airway re-opening manoeuvre.
relative standard deviations for these five samples were 3.1% for DPPC (average amount per sample = 7.2 picomole) and 3.2% for POPC (average amount per sample = 1.3 picomole).
The minimum mass of PEx required for to reach a POPC amount above limit of quantification (LoQ) 
Statistical methods
Statistical analyses were performed with SAS 9.4 software (Cary, NC, USA). Assumptions of normality were tested by evaluating graphical presentations, such as histogram plots and Q-Q plots. PEx mass per litre of exhaled breath was not normally distributed but had an approximately log-normal distribution and was log transformed with the decadic logarithm before the statistical analysis. DPPC and POPC concentrations in PEx had an approximately normal distribution.
To estimate means and pairwise differences, a mixed model employing restricted maximum likelihood was used, with type of manoeuvre as the fixed effect and individual as the random effect. The assumptions of normal distribution and homogeneity of variance for the models were tested by histogram plots of residuals and plots of residual vs. fitted value. The results were back transformed after the statistical analysis by exponentiation.
The association between sampled PEx mass to obtained DPPC and POPC masses was analysed by linear regression unless the residuals of the regression model were skewed, in which case Spearman correlation was applied instead. Two-tailed p-values below 0.05 were considered statistically significant.
RESULTS
Study population
Baseline characteristics for the study population are presented in Table 1 , with individual values in the supplementary material (Table s1 ). All participants had normal lung function based on spirometry.
The average volume of air exhaled into the PExA instrument was similar between manoeuvres except for the cough manoeuvre, which resulted in lower mean volumes as the exhalation to RV was not complete.
The mean volumes  standard deviation per exhalation were 3.30.9 L for the reference manoeuvre, 3.1 0.6 L for the forced manoeuvre, 2.40.7 L for the cough manoeuvre, and 3.40.9 L for the airway reopening manoeuvre.
Exhaled PEx mass
Compared to the reference manoeuvre, the exhaled PEx mass per litre of exhaled air was higher for the forced, cough and airway re-opening manoeuvres ( Table 2 ). The geometric mean mass of PEx per litre of exhaled air for each manoeuvre are presented in Table 2 . There was a large difference in PEx mass among manoeuvres and a large variability between individuals, with the sampled PEx mass ranging from 4.0 to 434.8 ng.
Particle-size distribution
For the particle size interval of 0.41-2.98 m, the mass distribution of particles was similar among the manoeuvres with a median mass aerodynamic diameter between 0.7 and 1.14 m (Fig. 2) . Forced exhalation increased the mass fraction of particles 2.98-4.55m in diameter compared to the reference manoeuvre.
For the forced exhalation manoeuvre, the mass fraction of particles with a diameter between 2.98-4.55m was strongly correlated with the peak expiratory flow values from spirometry (r s = 0.94; p-value < 0.01) (plot in supplementary material Fig. S2 ), but not for the cough manoeuvre. The difference in peak flows between forced exhalation and cough measured by the flow meter inside the PExA instrument were generally small (data not presented).
DPPC and POPC concentration in PEx
Compared to the airway re-opening manoeuvre, the concentration of DPPC and POPC in PEx (wt%)
were lower in particles collected using the forced and the cough manoeuvres (Table 3 ). The concentrations of DPPC and POPC (wt%) were not significantly different between the reference and the airway re-opening manoeuvres. The average concentration of DPPC and POPC in the PEx samples are presented in Table 3 .
Sampled mass of DPPC and POPC increased linearly with the sampled PEx mass for the reference (r 2 =0.94 and 0.98) and the airway re-opening manoeuvre (r 2 =0.97 and 0.98) but this was not observed for the forced or cough manoeuvre (Fig.  3) .
The average mole ratios of DPPC to POPC were similar for all manoeuvers; 3.9 (n = 6) for the reference manoeuvre, 4.5 (n = 4) for the forced manoeuvre, 4.0 (n = 5) for the cough manoeuvre, and 3.8 (n = 11) for the airway re-opening manoeuvre, individual values are presented in the supplementary material (Fig. S3 ).
DISCUSSION
In the present study, exhaled particle amount and the concentration of DPPC were studied in particles from four different breathing manoeuvres. Compared to the reference manoeuvre, the particle mass per litre of exhaled breath increased by 150% for the forced manoeuvre and 470% for the airway re-opening manoeuvre. The concentration of DPPC in particles collected with the forced exhalation manoeuvre was low compared to particles collected from the small airways with the airway re-opening manoeuvre. Thus, the chemical analysis supports that forced exhalations generate particles in more central airways than those formed during airway re-opening.
Exhaled particle concentrations
One hypothesis of the study was that the high air velocities attained during forced exhalation, up to 140 m·s -1 (Chung et al., 2003) , in combination with airway wall movements caused by dynamic compression would be an efficient way to create a two-phased mist flow of RTLF. Particles formed by this mechanism are likely to be formed at the choke point, where the total airway cross section is the lowest and the air velocity is the highest. In healthy individuals, the choke point is assumed to be located in the region around the segmental bronchi, airway generation 3 at high lung volumes, but may progress peripherally to generation 5 or 6 at low lung volumes (Chung et al., 2003; Dawson and Elliott, 1977) . The results in the present study are consistent with this particle formation mechanism. A maximal forced exhalation increased the exhaled amount of particles by 150% compared to a slow exhalation. However, this increase was small compared the 640% increase in particle mass from the reference manoeuvre that was observed for the cough manoeuvre. Cough has been reported to momentarily generate higher peak flows than forced exhalation (Cardoso et al., 2012; Langlands, 1967) . As the peak flow precedes the airway compression this may not result in higher linear air velocities (Harris and Lawson, 1968) and forced exhalations appear to be equally effective for clearance of central airway as voluntarily cough (Bennett et al., 1990; Bennett and Zeman, 1994; Camner et al., 1979; Hasani et al., 1994) . This suggests that the difference in emitted amount of particles is not only a result of particle formation in central airways by the air-RTLF interaction. During cough, the high intrathoracic pressure may result in more airway wall movement at the start of the exhalation and this movement may facilitate additional particle formation during cough. Another possibility is that particles are formed by film bursting caused at the glottis and vocal cords. The results from a study by Johnson et al. gives support to this theory (Johnson et al., 2011) . Johnson et al. observed that cough produced a very large particle mode with a median count diameter of 123 m. By washing the mouth with a food dye, they found that the large particles in the cough mode are most likely formed in the region between the lips and epiglottis. In the present study, particles larger than 4.5 µm in diameter were not studied.
Forced exhalations increase the exhaled amount of particles compared to slow exhalations and it is likely that these particles are formed in the central airways by the air-RTLF interaction. Compared to a forced exhalation, it appears that cough engages additional ways of particle formation in the upper airways but the exact mechanisms have not yet been delineated.
Background level of particles
It is difficult to exclusively sample particles that are formed during exhalation because inhalation from FRC to TLC presumably generate particles by a similar airway re-opening mechanism as the one that occurs during inhalations from very low lung volumes (Haslbeck et al., 2010; Holmgren et al., 2013; Johnson and Morawska, 2009; Schwarz et al., 2010 ). The precise location of airway re-opening in human subjects is unknown. In dogs airway closure was shown to occur in the terminal bronchioles with an inner diameter smaller than approximately 1 mm (Hughes et al., 1970) and it can be assumed that airway closure/re-opening occurs mainly in small airways also in humans. The exhaled fraction of particles that was formed during inhalation can be reduced by breath holding at TLC. This allows particles to deposit before the start of the exhalation. Breath holding for more than 5 s at TLC has been shown to decrease exhaled particle concentrations by more than 40% compared to an immediate exhalation (Holmgren et al., 2013) . When using the reference manoeuvre, a small fraction of particles remained in the airways even after 5 s of breath hold at TLC. Because of this background level of particles, we were unable to sample particles that were exclusively formed during a forced exhalation. During a fast exhalation, sedimentation of particles in the small airways is reduced but deposition in central airways by inertial impaction will increase. In a study by
Johnson et al., the particle losses by impaction during a fast exhalation was assessed ). It was shown that an exhalation from TLC to RV in 1s generated similar results as an exhalation from TLC to RV in 3 s. This suggested that particle losses by impaction were likely low for particles smaller than 5 µm. However, this interpretation does not take into account the possibility that particles could form during the exhalation.
Particle size distribution
For most participants, the forced exhalation manoeuvre resulted in an increased mass fraction of particles in the 2.98-4.55 m in diameter interval compared to the airway re-opening manoeuvres. The increase of this mass fraction was correlated with the spirometry peak expiratory flows. This suggests that formation of these large particles was associated with air velocities during exhalation. Particles formed closer to the mouth are less likely to deposit before being exhaled since the airway diameter is larger and the transit times in the airways are shorter. The shift towards a larger mass fraction would therefore indicate that the particles were formed at a less distal airway region than those exhaled from an airway re-opening manoeuvre.
Phospholipid concentration in particles
Studies of RTLF surfactant are often conducted on material retrieved using either BAL, tracheal wash, bronchial wash or induced sputum. The amount of RTLF obtained with these methods is very difficult to assess and it is therefore difficult to estimate true concentration of lipids in the native RTLF. The concentration and distribution of surfactant throughout the airway is currently not well described. Surfactant appears to be present in significant amounts all the way from alveolus to glottis. In the study by Dushianthan et al., the reported concentrations of phospholipids in tracheal wash samples were only around 25 % lower than in BAL samples (Dushianthan et al., 2014) . The study by Pettenazzo et al. estimated that, within 24 hours, around 7% of radiolabelled phosphatidylcholine was cleared from alveolus via glottis in rabbits (Pettenazzo et al., 1988) . In contrast, very little, of airway surfactant reaches the upper airways and the concentration of DPPC in oral fluid is extremely low, around 5 · 10 -8 wt% (0.7 pmol ·mL -1 ) (Tinglev et al., 2016) . Consequently, particles from small airways are expected to contain the highest concentrations of DPPC. Particles from central airways are likely to contain a decreased level of DPPC, whereas particles formed in the upper airways are very unlikely to contain a measurable amount of DPPC. The PExA method is expected to sample undiluted RTLF and allow an estimation of the native RTLF. A prerequisite is that it
is known from what airway region that the particles originate.
Cough has been suggested to generate particles mainly in the upper airways (Johnson et al., 2011) and the low concentration of DPPC in particles from cough in the present study would support this hypothesis.
The concentration of DPPC in particles collected using forced exhalations was much lower than the concentrations in particles from small airways. A possible explanation for the lower concentration of DPPC and POPC in particles collected with forced exhalations could be dilution, uptake and degradation of surfactant during the transport from the alveolus. Our results suggest that the concentration difference between small airways and central airways is relatively large compared to the difference between BAL and tracheal wash that was reported by Dushianthan et al. (Dushianthan et al., 2014) . However, both the PExA and the BAL methods are associated with a large uncertainty when measuring the absolute concentrations of DPPC in RTLF and direct comparison is difficult. Another possibility for the low DPPC and POPC concentrations in particles exhaled by forced exhalations is that those particles are formed in a way that excludes the surfactant. It has been suggested that surfactant lie between the periciliary fluid and the mucus layer where the surfactant assists in the spreading of secreted mucus and enhances the mucus clearance by ciliary beating (Desanctis et al., 1994; Rubin, 2002) . Thus, particles formed at the mucus air interface may contain very little of the underlying surfactant. In addition, one cannot exclude that particles may have been generated in the upper airways during a forced exhalation even though this seems less likely than formation in central airways.
Particles sampled with the reference and airway re-opening manoeuvres had similar concentrations of DPPC and POPC. This suggests similar location and mechanism for these two manoeuvres. For the reference manoeuvre and the airway re-opening manoeuvre, the expected linear correlation between sampled particle mass and sampled DPPC and POPC mass were observed with a slope that corresponds to the mass fraction of DPPC and POPC in the particles. For the forced exhalation and the cough manoeuvres, no clear association between sampled particle mass and measured DPPC and POPC mass were observed.
Presumably, the DPPC amount was mainly determined by the amount of particles formed in small airways during inhalation from FRC to TLC, whereas the sampled particle mass was mainly determined by the extent of particle formation during exhalation from TLC to RV.
Particles that were generated in small airways during inhalation from FRC to TLC contained significantly higher concentration of DPPC than those formed during a forced exhalation or cough. These relatively few particles, likely contained a significant background level of DPPC if the concentration in particles that formed during a forced exhalation and cough was much lower or were impacted during exhalation. The calculated DPPC wt% concentrations for the forced exhalation and the cough manoeuvre could have been even lower if it would be possible to exclude the particles that were formed during the preceding inhalation.
Nevertheless, the results clearly demonstrated that the particles formed during exhalation, forced exhalation or cough, contained much less surfactant than the particles generated during inhalation by airway re-opening in small airways, i.e. the reference manoeuvre and the airway re-opening manoeuvre.
Study limitation
This study was designed to investigate particle formation induced by different breathing parameters using as well defined breathing manoeuvres as possible. Inhalation from FRC to TLC likely generate particles in small airways by the airway re-opening mechanism. Some of these particles are lost by sedimentation and impaction during exhalation. Therefore, an unknown fraction of these particles is exhaled with all of the studied manoeuvres and this fraction may be different between the manoeuvres. Thus, it was not possible to sample particles formed during exhalation exclusively. The chemical analysis was important for confirmation of the theoretical models of particle formation but the amount of sample that could be collected from ten exhalations limited the number of analytes that could be measured. For unambiguous confirmation of the different particle origins, markers specific for each lung region would be required as well as methods to measure these markers in PEx.
Particle formation was studied in healthy subjects, i.e. an important first step in order to understand particle formation. Future studies should include individuals with respiratory disease and increased airway secretions where forced exhalation may show a stronger effect on particle formation.
Conclusion
The results in the present study are consistent with the hypothesis that forced exhalations produce samples of respiratory tract lining fluid from more central airways than an airway re-opening manoeuvre.
Assuming that forced exhalations generate particles in central airways, the DPPC concentration in central airway lining fluid is low compared to small airway lining fluid. Cough is likely to produce particles by mechanisms additional to those engaged during forced exhalation. Thus, the breathing manoeuvre design is important for the sampling of non-volatiles in breath, and can allow not only for an increased amount of emitted particles, but also for a possibility to sample selected airway regions.
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